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Chapter 9 Phases of Nuclear Matter

As we know, water (HO) can exist asce, liquid, or steam. Aatmospheric
pressure and below the 0°C freezing point of water we itav@etween0°C and100°C,
water is diquid. Above the boiling point ofLl00°C, water becomes thgas that we call
steam. We also know that we can raise the temperature of water by Itedtiagis to say
adding energy to it.

However, when water reaches its melting or boiling poeudsiitional heatingloes
not immediately lead to a rise in temperature. Instead, we have to overcolaierihbeats
of fusion (80 kcal/kg, athe meltingpoint) or vaporization540 kcal/kg, athe boiling
point). During the boiling process, as we add more heat, more of the liquid water turns into
steam. Even though heat is being added, the temperature stays at 100°C. As long as there is
still liquid waterleft, the gas andiquid phaseare incoexistenceThe temperature cannot
rise until all of the liquid is converted to steam. This type of transition betimeephases
with a latent heat and phase coexistence is called a “first order phase transition.”

As we raise the pressure, the boiling temperature of water increasdbeuntitical
point at apressure of 218 Mpa (218 timesmospherigoressure) and semperature of
374°C is reached. Therthe phase coexistencgtops, and thephase transition becomes
continuous or “second order.” Wan make aiagram, Fig. 9-1which showsthe states
of H,O depending on pressure and temperature.
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Fig. 9-1. The Phase Diagram for Water.
This diagram indicatethat as theressure increasese canturn into water. The

diagram can be used to predict the state,Gf & any temperature and pressure. We call the
mathematical relations inferred by the chart the “equation of state” of water.
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Chapter 9—Phases of Nuclear Matter

Just as thestate of a collection of atoms or molecutepends ortemperature and
pressure, we find that the state of a nucleus depentsrgerature and on tlieensity of
the nucleons. Thus wenay ask what ighe equation of stator nuclear matter? In their
normal states of lowest energy, nuclei show liquid-like characteristics and have a density of
0.17 nucleons/ffh In more conventionainits, this corresponds t8.7 x 10"" kg/n?, or
270 trillion times the density of liquid water.

In a laboratorythe only possible way tdneat nuclei to significant temperatures is
by colliding themwith other nuclei.The temperatures reachddring these collisions are
astounding. In atomic physics, the electron-volt €™ joules) is used as @nvenient
unit because it is roughlihe energy scale adtomic and chemicalprocesses. Sitarly,
nuclear scientists use millions of electron-volts or MeV KL.1®™ joules) as a convenient
energy unit because it is roughly the energy scale of nyoteaesses. Aaverage energy
of 1 MeV corresponds to a temperature of 4 0" K. The temperatures we can reach in
nuclear collisions range up 00 MeV andabove—more thar200 million times the
temperature at the surface of the Sun (~5,500 K)!

As we heat nuclei to a temperature ofew MeV, some ofthe nuclear “liquid”
evaporates. From knowintpe generalform of the interactions betweenucleons, we
know that, jusiike water, the nuclear liquidalso has datent heat ofvaporization, and
nuclei should undergo a first-order phase transition. This liquidegasistence is also
expected to terminate at a critical point, the critical point of nuclear matter. One of the major
thrusts ofheavy ion research at laboratorgech asMlichigan StateJniversity’s National
Superconducting Cyclotron Laboratory is to find out if thtesoretical expectations are
correct. Experiments try tdetermine atvhattemperature and densitiye critical point of
nuclear matter is located.

There are major challenges that nuclear physicists face in their efforts to explore the
nuclear equation of state and these nuclear phassitions. Wecanonly establisithe hot
and dense conditions needed for this process dheagy ioncollisions. Thus we do not
have theluxury to carefully prepareour sample at a givempressure,temperature and
density, as is done when studying the phase diagram of water. Instead we havénanly a
interval of about 18" seconds during which toonductour experiment. Taomplicate
things even more, our sample does not stay at a given density and temperature, but expands
and cools during our experiment. We also do mte any directvay of measuring the
state variables (temperaturgressure, density). Waeed to determine thenfrom
observables such as:

1. the abundance of isotopes,

2. the population of excited nuclear states,

3. the shapes of the energy spectra from nuclear collision remnants

4. the production of particles such as pions.
It is also not obvioushat thermal equilibrium can bestablished during thesdort time
scales. Finally, there is the problem of finite particle number. When stuthemdnases of
water, the sampleusually contains very largeumbers of molecules. This, again, is a
luxury not at our disposal during heavy ion collisions, whkeesnumber ohucleons is at
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best only a few hundred. When have to figure out what signatures of a phase transition
remain when there are only so few elementary constituents present.

Despite these challenggwogress in thidield hasbeen significant. Waow have
deep insight ashow to neasure the thermodynamics state variablesng heavy ion
collisions. Weare confident that thermal equilibrium can be essakli, have found
evidencefor phase coexistence, a@age beginning to pirdown the critical point of the
nuclear liquid-vapophase diagram. Information abotlite size of fragmentproduced
when nuclear matter is neats critical point gives essential information ote nuclear
equation of state. Recent experiments on nucleareakup are leading to improved
understanding of this important question.
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Fig. 9-2. The phasealiagramfor nuclearmatter, agredictedtheoretically. The horizontal axis shows the
matter density, and the vertical axis shows the temperature. Botlastown in logarithmic scale, and
the density is given in multiples of norm@liclearmatter density. Théemperatureaxis is reversedrom
Fig. 9-1.

Figure 9-2 showshat thephase transition betwedhe nuclear liquid and gas of
nucleons is nothe only phase transitiothat heavyion scientists aretudying.At even
higher temperatures and densities, nucleons themselves can undergo a phase transition.

We can view each nucleon as a “bag” contaimjogrks andyluons. Thesequarks
and gluons can move relatively freely inside their own bag, but “bag” tlsagsthat they
cannot escape from the bag—they are “confinEdr’this reason, we have never bable
to detect individual free quarks or gluohswever, if we are able to produce extremely
dense gas of hadrorimainly pions andnucleons),then theirbags can overlap. This
overlap lets theuarks and gluons fromifferentbags to mixfreely and travehcross the
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entire nuclear volumé&Ve call this state a “quark-gluon plasma,” in analogy with an atomic
plasma in which electrons become unbound fedoms.From theoreticalcalculations, we
also expect the phase transition to a quark-gluon plasma to be ofrdiestwith a phase
coexistenceegion. Major research efforts at BNL (Brookhavédational Laboratory) in
New York and atCERN (ConseiEuropeerpour la Recherche Nucleaire) in Switzerland
are directedtoward establishinghe conditionsfor creating this phase transition and
observing itssignaturesThe RelativisticHeavy lon Collider (RHIC), which is under
construction aBNL, has adts main missionthe study of thisexotic and uniqughase
transition in the nuclear equationsthte.lt will producetwo counter-circulating beams of
gold nuclei, each at speeds extremely close to the speed of light, and collide them.
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Fig. 9-3. This is a similar phase diagram as drawn in Fig. 9-&epfesentation athe quarks isshown in
the hadron gas area. The mixgthsedegion shows thexistence oboth hadronsand quarksandgluons.
The quark-gluon plasma region shows the existence of quarks and gluons.

All of the theoretical and experimental challenges listed above are also pvesent
studyingthe transition to theguark-gluonplasma.ln addition, there isanother, possibly
even more severe obstacle to overcameguark-gluon plasma cannot survive lonian
a few times 18 secondsAfter that, the density and temperature reaclkding a heavy
ion collisionfall to valuesthat force quarks and gluons tecombine intohadrons again.
The number othadrons produced irelativistic heavy ion collisions istaggering.For
every nucleon that was initially contained in the two gold nuclei, we can expect between 10
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and 50 pions to be produced during each RHIC collidibis amounts to manthousands
of hadrons emerging from eaa#lativistic heavy iorcollision, as shown in Fig9-4. The
essential problem for the nuclear scientist is then to distinguish betweerh#ursasthat
were createdirom the ashes othe quark-gluon plasma and tho#etwere created in the
dense hadron gas.

Figure 9-4shows asimulation of a single collision in one of tmew detectors
(STAR) now under construction, whichill be used when RHIC goesito operation in
1999. Each linerepresents particle that is trackednd measured in thmagnetic field of
the detector.The detectomeasureshe thousands oparticles produced bthe collision.
Analysis of thedata is like an attempt to “put Hymy-Dumpty together again™—to see if
the collision showed any evidence that a quark-gluon plasma had been formed.

Fig. 9-4. A simulation of a collisiobetweentwo gold nuclei in theSTAR detector atthe RHIC
accelerator. Each line represents the path of a particle produced in the collision.

What is thepurpose of studyintghe nuclear mattgshase diagramPhe answer is
that we needhis information to understanthe earlyhistory of our universe, and to
understand high-density objects, called “neutron stars” in our present-day universe.

A region, which is labeled the Big Bang, is in the upper left corner of Figs. 9-2 and
9-3 is a region labeled the Big Bang. In the first microsecondtatteBig Bang, the entire
universe should have been in this state. At that tiheyniverse woulchave fit inside the
present orbit othe planetlupiter.Heavy ion collisions at botRHIC and CERN'’s Large
Hadron Collider (LHC) will also create dense matter and antimatter inabout equal
guantities.These accelerators will produce conditions similathtat found in our early
universe.

Figures 9-2 and 9-3 alshow aregionlabeledneutronstar.When a massive star
undergoes a supernova explosiocpee of ironnuclei remains.Gravity bringsthe nuclei
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together.The short-rangenuclear repulsive force is netrong enough td&eep the nuclei
apart. As the core collapses, the individual nucleons separate from the ntivdepotons
become neutrons by inverse beta dethgrefore, the neutron star is véayge collection
of neutrons,typically afew kilometers in diameter, which is held together dmavity.
Some theorists predict that a neutron star of a langeigh massould be of high enough
density to produce a quark-gluptasma.This isindicated by thénigh-density end of the
neutron star region.

Thus, the study of the nuclear equatiorsiaite is connected to the initthases of
the earlyUniverse, toultra-violent stellarexplosions,and to experiments at laboratories
around the worldTheselaboratories bring nuclei, whichre traveling almost at trspeed
of light, into violent collisions tgerhaps produce state of matter irwhich quarks and
gluons, if only briefly, become free particles. the RHIC facility becomes operational in
1999 and later theHC facility comes intooperation, wecan expect excitingew results.
These accelerators will produce states of matter in the laboratory that have not existed since
the first microsecond of the Big Bang.
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